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Chapter 1
INTRODUCTION

1.1 Microfluidics
Microfluidics is the study of planar systems that use fluidic channels which
are tens to hundreds of micrometers in size [1]. It is an area of interest to many
different types of research involving chemistry, engineering, physics, etc.
Microfluidics has become an alternative method to test small quantities of
samples and reagents due to its low cost and short analysis time [1]. Due to the
small size of microfluidic devices, researchers are able to study phenomena not
present on the macroscale [2]. For example, the surface area-to-volume is much
larger in microfluidics than in a macro flow system [3].
Microfluidics is the offspring of four different areas of interest [1]. They are
molecular analysis, biodefense, molecular biology, and microelectronics [2].
Microfluidics can involve chemical sensing, biosensing (biological analysis), drug
discovery, basic science, and niche applications [3]. In microfluidic devices the
flow is usually laminar, which means a small Reynolds number less than 2000
with no mixing occurring. Turbulent flow can be created by using pumps or
rollers imbedded in the device [2].
1.2 Lab-on-chip
A type of microfluidic design that has become more common is the lab-on1

a-chip design (LOC). The LOC design has provided a way to mimic the
controlled conditions of a traditional laboratory that is accessible in a smaller and
more convenient format [3]. LOCs are disposable and are portable which allows
for in situ and real-time analysis [4]. LOC design does not simply consist of
microchannels [3]. LOCs can be simple single channels in a serpentine pattern,
or complex designs with pumps and wires. LOCs can achieve single phase flow
driven by pressure or electroosmotic force [5]. LOC can have pumps, valves,
sensors, and electronics that can affect the device differently [3]. These designs
have a wide range of use in biotechnology such as a DNA sorting. LOCs can
have a variety of channel shapes and sizes depending on what design will be
best for a particular project application. LOCs can be straight channels, tchannels, or y-channels depending on what type of flow is needed. This is can
be seen in figure 1.1.

Figure 1.1: Straight channel, T-channel, and Y-channel

1.3 The role of polydimethylsiloxane in fabrication
Polydimethylsiloxane (PDMS) is a common polymer used in the fabrication
of LOCs devices. The devices can be used to manipulate and/or analyze fluid
flow in small channels with flow control devices embedded within the PDMS [5].
PDMS offers a number of material properties that are advantageous for
2

fabricating devices. PDMS is more affordable and more durable than glass and
silicon [4]. It is nonpolar, can be used numerous times, cures at low
temperatures, is nontoxic, is chemically inert, is optically transparent, can seal to
itself, and has interfacial properties that can be easily modified [6] [7] [8]. PDMS
can readily be molded into any specific shape using a silicon master wafer [9]. A
silicon wafer can be etched either with a positive or negative profile that can be
used to create a pattern on the PDMS.
1.4 Objective
The objective of this thesis is to construct a LOC that contains a magnetic
separator under the influence of two different magnetic fields, one that is
localized and the other that is external to the device. The magnetic fields allow
for the separation of superparamagnetic beads into one channel over the other.
The purpose of having the two different magnetic fields is to give the
superparamagnetic beads a preferential force down one side of a y-channel
opposed to the other.
1.5 Thesis Outline
Chapter 2 describes different types of sorters and their uses. Chapter 3
reviews previous work performed in the laboratory, and reviewed in literature.
Chapter 4 discusses laboratory and manufacturing details. Chapter 5 details the
experimental results and supporting equations used. Chapter 6 will contain final
conclusions and recommendations for future work.
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Chapter 2

BACKGROUND

2.1 Sorting with microfluidics
Microfluidic devices can be used to isolate specific proteins, separate
ribonucleic acid (RNA), deoxyribonucleic acid (DNA), and separate chemical
compounds from one another. There are several methods used in microfluidic
devices to separate specific proteins or genetic material. Cell separation
techniques can be generally classified into two categories: techniques based on
size and density, and techniques based on affinity (chemical, electrical, or
magnetic) [10] [11]. Purity and throughput are noteworthy qualities for any
separation process to have [10].
2.2 Sized-based separation
Sized-based separation involves separating smaller sized particles from
larger particles. Many sized-based devices move fluids with heterogeneous
particles through a series of channels or obstacles of varied sized [10]. Due to
fluid flow being laminar, the results are predictable and often reproducible [10].
An advantage of separating cells this way is that the particle of interest does not
have to be labeled; however, a concern is keeping the cells viable as they pass
through the LOC [10].
One approach to sorting by size is to create a device that has individual
4

fluid streams that can flow along confined lanes by allowing particles to pass
through different sized obstacles [12]. The fluid stream will bifurcate when it
encounters an obstacle [12]. The size of the particle determines how it flows
through the device due to the obstacles decreasing in size as the fluid moves
through the device [12]. For example, a particle with a small diameter will move
in a back and forth pattern (zigzag mode); while a particle with a large diameter
will encounter obstacles of the same size and continue movement in a particular
direction [12].
By manipulating obstacle parameters such as spacing and diameter, as
well as the spatial distance by which the particles are staggered in each
subsequent row of a patterned array, micron-sized particles can be sorted within
a few minutes with high resolution and with an uncertainty of less than one
percent of the particle size [10]. A limitation of this technique is laminar flow is
required and there exists the possibility of random diffusion between adjacent
lanes [10]. Shown in figure 2.1 is a mask schematic of four channel segments
[13]. The schematic is for a second generation device that decreases the size of
the obstacles in the channel as a function of channel length [13]. Each segment
is composed of approximately 1800 channels of the same dimension arranged in
about 375 parallel arrays [13]. Each segment is 1.5 cm long and 3 cm wide,
creating a device that is 6 cm long by 3 cm wide [13].

5

Figure 2.1: A mask drawing for a series of channel segments [13]

2.3 Fluorescence-based separation
Fluorescence-activated sorting typically involves a hydrodynamically
focused stream of suspended particles which is interrogated using a laser beam
and an array of photodetectors [10]. Fluorescent labels are attached to one or
more particles in a heterogeneous mixture and the particles are sorted
individually based on (a) how they scatter the laser light and (b) the wavelength
of light they emit [10]. In an optical bar trap, a laser beam is focused across a
branching channel that has laminar flow so that non-fluorescent particles are
trapped, and completely moved to the optical trap, where they are released into a
collection channel [14]. When fluorescent particles enter the trap, a computercontrolled shutter system blocks the optical trapping beam [14]. The fluorescent
particles are released into another collection channel [14]. Microfluidic
fluorescence-activated cell-sorting (µFACs) systems have been shown to operate
similarly to their macroscale analogs with regard to purity and throughput [10]. In
6

figure 2.2 is an example of a µFAC system and a scanning electron microscope
(SEM) image of the cell sorter [15]. The µFAC is a chip-integrated chamber for
holding and culturing the sorted cells [15]. The culturing/holding chamber is
placed at the end of the collection channel [15].

Figure 2.2: Microfluidic FACS system [15]

2.4 Adhesion-based separation
Adhesion-based separation LOCs are similar to chromatography columns
where a mixture is passed through a column packed with beads or other types of
materials that will bind the undesired constituents of the feed mixture [10].
Antibodies are bound to the surface of the column capturing undesired material;
allowing desired material to pass through [10]. This allows for populations that
are of the same size and/or density to be separated [10]. There is no need to
preprocess the samples of the starting mixture with fluorescent or magnetic
antibody tags [10].
Microfluidic cell affinity chromatography (µCAC) systems have high
surface area per volume ratios, but their small size keeps the residence times
7

short on the order of minutes instead of hours [10]. µCAC systems can be
designed to capture particular particles by creating unique column surfaces which
bind the particles [10]. By using this technique one can separate cell populations
that are impossible to differentiate in size and surface receptor expression [14].
Adhesion-based separation can also occur in a static microfabricated
system instead of a dynamic fluid system [10]. An example of adhesion-based
separation is shown in figure 2.3, which shows a specific technique called laser
capture microdissection (LCM) [10]. LCM is a technique in which individual cells
from different array locations are forced to adhere to an adhesive film placed on
top of the substrate surface by a pulsed and focused laser beam [10]. The film is
mounted to a cap that is then removed from the substrate surface [10]. The cells
can be extracted for downstream molecular analysis [10].

Figure 2.3: Adhesion-based separation [10]

2.5 Electrophoretic separation
The majority of electrophoretic separations employ a process called
dielectrophoresis (DEP), where polarizable particles, such as dipoles, can be
trapped within a nonuniform electric field, or directed to move by the force
8

depending on the particles’ dielectric properties [10] [14]. Negative DEP (nDEP)
causes polarized objects to be repelled away from the electrode, while positive
DEP (pDEP) attracts the object to the electrode [10]. An alternating current (AC)
voltage is usually used in DEP [10]. In the micofabrication process microscale
metal electrodes are used to generate a strong, non-uniform, time-varying (AC)
electric field without the need for applying high potentials [14]. Direct-current
insulator-based DEP (DC-iDEP) has been used with insulated posts to create a
local nonuniform electric field without microelectrodes [14]. The cell response to
the DEP is dependent on the cell’s type, density, metabolic and physiologic state
[10].
DEP retention (or DEP affinity) is used to hold cells against a fluid flow, so
that cells weakly influenced by the DEP are carried along with the fluid, while the
cells strongly influenced by the DEP forces can be eluted later [10]. DEP
migration is similar to DEP retention, but it causes cells to migrate to different
regions of an electrode [10]. DEP-field flow fractionation uses DEP forces to
differentially levitate cells against gravity in a fluid flow profile, such as parabolic
flow profile [10]. This allows cells with different dielectric properties to travel at
different velocities along the channel [10]. Magnitude-based continuous flow
separation can be demonstrated using trapezoidal electrodes generating an
asymmetric electric field relative to the flow in the channel [14]. Since the
hydrodynamic drag force and the net nDEP force are in balance, the size of the
particles influenced the separation causing larger particles to be deflected while
smaller particles are not [14]. DC-iDEP employed continuous separation of
9

microparticles, where local DEP force around an insulating object, such as an oil
droplet or PDMS block, differentiated trajectories of the microparticles in a sizedependent manner [14]. Figure 2.4 shows an example of DEP separation of
particles.

Figure 2.4: Particle separation of particles by DEP forces. (A) DEP deflector by the
trapezoidal electrode. (B) Schematic representation of the electric field strength contours
near an oil drop and the nDEP force on a particle. (C) Superimposed trajectories of two
different sized particles separated by DC-iDEP [14].

2.6 Magnetic separators
When LOC have magnets or metallic lines implanted within the device it is
called a magnetic separator. Magnetic separators have been used in the
laboratory and industry to remove magnetic particles from kaolin clay, enrich lowgrade iron ore, and desulfurize coal [16]. In recent years, there has been
progress made in magnetic separation, labeling, and targeting techniques [16].
The fields of molecular biology, cell biology, microbiology, biochemistry, and
biotechnology make use of magnetic beads for various applications such as
immunomagnetic cell separation, immunoassay, and drug delivery applications
[16]. The magnetic separation technique allows for easy manipulation of
biomolecules, which may be immobilized on the magnetic particles [16]. Once
10

target cells or molecules are attached onto the magnetic particles, the target
molecules can be separated using various reagents or manipulating a magnetic
field through a permanent magnet or an electromagnetic [10] [16].
Magnetic separators have been used to isolate RNA, DNA, aid in protein
purification, immunology, isolation of a wide range of specific mammalian cells,
bacteria, viruses, subcellular organelles and individual proteins [10] [16].
Magnetic particles are employed for conventional isolation and purification
methods, such as affinity/ion exchange [16]. The magnetic particles are
spherical in shape.
The spheres are called superparamagnetic meaning they are attracted to
a magnetic field, but retain no residual magnetism after the field is removed [10]
[16]. The superparamagnetic spheres are made of iron oxide with diameters that
range from a few nanometers to a few micrometers [16]. The material has a
mixture of properties between ferromagnetic and paramagnetic, which lead to
superparamagnetism [16]. The particles do not stay suspended in solution, when
removed from the magnetic field [16]. A frequent use of superparamagnetic
particles is for immunospecific cell separations [16]. A specific antibody and the
magnetic particles are mixed together to adhere an antibody onto the particle so
it can be added to a solution containing the molecule of interest such as an
antigen or protein [16]. In figure 2.5 the magnetic capture and release of
superparamagnetic beads is depicted.
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Figure 2.5: Immunoassay procedure using magnetic beads: (A) Injection of magnetic
beads; (B) Separation and holding of beads; (C) Flowing samples; (D) Immobilization of
target antigen; (E) Flowing labeled antibody; (F) Electrochemical detection; (G) Flushing of
beads [16]

2.7 Electroosmotic Flow
Electroosmotic flow is an electrokinetic effect that occurs when an
electrolyte solution is in contact with charged walls forming an electrical double
layer [5]. Consider a negatively charged microchannel wall that contains an
electrolyte solution. The cations in the solution will be attracted to the walls,
while; the anions are repelled from the wall [17]. This is illustrated in figure 2.6.
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Figure 2.6: Schematic of electroosmotic flow. The negative charges on the wall show the
deprotonated silanol groups. The positive and negative charges near the center depict the
net electrically neutral solution [18]

In terms of thermodynamics, this process occurs to minimize the energy of
the system which leads to a local charge separation over a small distance in the
fluid near the walls [5]. When an axial electric charge is applied across the
channel, excess positive ions near the wall travel toward the cathode which
causes the entire solution to move due to viscous forces [17]. This type of flow is
called electroosmotic due to the charge in the carrying fluid instead of pressure
within the channel.
Electroosmotic velocity can be calculated using the Smoluchowski
approximation:

u

E


[5],

where
u is the electroosmotic velocity (m/s);
ε is the permittivity of the aqueous fluid (F/m)
ψ is the zeta potential (V);
13

(2.1)

E is the electric field strength (V/m);
µ is the dynamic viscosity of the fluid (Ns/m2).
An electric field that has a strength greater than 20 V/cm can be applied to
LOC to achieve flow velocities [5]. Electroosmotic flow due to a low Reynolds
number can reach steady state in a short amount of time and the entrance length
can be brief [16] . The flow allows for a more uniform velocity profile across the
channel allowing less dispersion than a parabolic profile [5]. The small channels
of LOCs have a high surface-to-volume ratio allowing for heat to dissipate more
efficiently than in large channels [19]. PDMS-based channels are not normally
charged, but can be modified to support electroosmotic flow by plasma oxidation
or deep UV irradiation which generates silanol, carboxylic, or hydroxyl groups at
the channel surface [19].
2.8 Surface Of PDMS
PDMS has repeating units of -Si (CH3)2-O groups [20]. This chemical
structure leads PDMS to have a hydrophobic surface causing difficulty in wetting
the surface with aqueous solutions [8]. It can cause the microchannels to trap air
bubbles, and makes the surface susceptible to nonspecific adsorption of proteins
and cells [19]. The surface can be modified making it hydrophilic by exposing it
to plasma treatment or irradiating with UV radiation at 254 nm, which causes the
surface to be oxidized [8] [17] [20]. The surface groups will rearrange within 30
minutes if the PDMS is left in the air making the PDMS hydrophobic again [21].
PDMS can be sealed in one of two ways: (i) reversible, conformal sealing
and (ii) irreversible sealing of the substrates by exposing the two surfaces to a
14

plasma treatment [8]. Reversible sealing occurs due to the flexibility in the
PDMS and van der Waals force in making contact [8]. Plasma treatment causes
the surface of the PDMS to become oxidized which helps the two PDMS pieces
to covalently bond together [21]. Plasma, the fourth state of matter, is partially
ionized gas consisting of electrons, ions, neutral atoms, and molecules [22]. A
radio frequency oscillating electric field is created in the gas region through
magnetic induction [23]. Low pressure combined with the electric field can cause
acceleration of the electrons of the gas [23]. These electrons interact with the
surface of the PDMS and glass causing a change in the surface chemistry [24].
Another method to seal two pieces of PDMS is for one piece to have an excess
of the base, while the other has an excess of curing agent [25]. The pieces finish
curing together creating an irreversible seal between the two [25].
2.9 Raman Spectroscopy
The Raman Effect was first discovered in India in 1928 by C.V. Raman
[26]. Raman spectroscopy consists of the inelastic scattering of photons [26].
The spectroscopy usually uses a nonionizing laser as the excitation source [27].
It deals with intermediate virtual states instead of the absorption or emission from
energy levels directly [26]. If the energy of the excited photons matches an
energy gap between the excited state and the ground state, the photon will
probably be absorbed and the molecule promoted to excited state [27].
Fluorescence occurs when the excited molecule subsequently relaxes to the
ground states by emission [27].
Scattering takes place as the incident photon distorts the electron clouds
15

[27]. A fraction of the radiation scattered will be inelastic [26]. There are two
types of scattering that exist in the visible-light and near-infrared spectral range:
Rayleigh and Raman [26]. Rayleigh scattering happens only when the electron
clouds are distorted [27]. Raman scattering occurs as photon comes into contact
with a molecule in a given stationary state, causing a transition to another higher
or lower energy level different in energy [28]. Since in general more molecules
are in the lower rather than the higher energy state, there will be more cases in
which the photon releases energy than obtaining energy [28]. Stokes scattering
occurs as the molecule absorbs the photon going to a higher energy, and antiStokes happens as the molecule interacts with the photon returning to a lower
state [26]. The example shown in figure 2.7 illustrates the different scatterings
mechanisms.

Figure 2.7: Energy diagram for Rayleigh and Raman scattering processes [27]

In the system used in this work the incident laser irradiates the sample
through an optical microscope, and the Raman scattered photons are collected
into a spectrometer following appropriate filtering [27]. Figure 2.8 shows a typical
laboratory set for Raman spectroscopy [27].
16

Figure 2.8: Typical laboratory Raman spectroscopy system showing how the incident laser
irradiates the sample via an optical microscope, and the Raman scattered photons are
collected in the spectrometer following appropriate filtering [27]
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Chapter 3
LITERATURE REVIEW

3.1 Previous Work
In recent years there have been several articles presenting research in
microfluidics of LOCs that utilize superparamagnetic beads, and the use of either
permanent magnets or electromagnetic magnets. The LOCs have been in glass
with multiple channels to optimize DNA hybridization using the beads [29], used
to model the trajectory of the magnetic particles [30], and created with
electromagnets embedded in the device [31].
3.2 Microstructures use to make patterns
Xu Yu and his colleagues created a LOC from a combination of glass and
PDMS that had a nickel pattern overlay used to control the magnetic field
distribution [32]. The researchers placed nickel microstructures in patterns
underneath the channels that were then covered in PDMS [32]. The device had
two permanent magnets attached on the bottom of the device to create a
localized magnetic field [32]. They injected fluorescently labeled magnetic beads
with carboxyl pendant to form patterns on the nickel microstructures [32]. The
beads were then attached to cancer cells in order to form a pattern which made
the cancer cells easier to detect [32]. Figure 3.1 depicts the schematic design of
the device developed by Yu. It illustrates how the nickel pattern was laid out in
the PDMS [32].
18

Figure 3.1: a.) Schematic design of the (A) nickel patterns with photoresists (PR), (B)
PDMS chip, and(C) schematic side view of whole chip. b.) schematic of integrated chip. c.)
schematic of the whole integrated chip [32].

Yu and his team did numerical simulations to calculate the magnetic field
distribution [32]. The magnets used were 50mm x 10mm x 2mm, and there was
a 6 mm gap between the two [32]. The magnetic flux density (B) was calculated
from equation (3.1). The magnetic moment (M (m/V)) is connected to the
volumetric magnetic susceptibility, χ, and the magnetic field (H) where M=m/V=
χ*H, m is the magnetic moment and V is the volume of the material [32]. 1+ χ
can be determined as the relative permeability (μr) [32].

B   0 ( H  M )   0 ( H  H )   0 (1  x) H   0  r H

(3.1)

Yu and his colleagues determined through the simulation the magnetic flux
density was 105 mT in the microchannel, and the variation of the magnetic flux
density was approximately 1.2 mT on the 1 mm scale along the y axis [32]. The
team considered the magnetic field distribution uniform. The simulated results
corresponded with the experimental results [32].
The two main forces acting the magnetic beads are the hydrodynamic
force and magnetic force [32]. Equations (3.2) and (3.3) are for both types of
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forces. Hydrodynamic drag (Fdrag) was determined with the Stokes’ equation
(3.2) where η is the viscosity of the fluid, r is the radius of the magnetic bead, and
Δν is the difference in velocity of the magnetic bead and the medium surrounding
the bead [32]. The hydrodynamic force was found to be in the piconewtons
range. The magnetic force (Fmag) on a magnetic bead can be described in
equation (3.3) [32]. The magnetic field gradient in the local areas between
adjacent nickel pattern units increased from 1800 to 104 T m-1 and had a large
magnetic force of 250 pN to 1 nN acting on the bead [32].
Fdrag  6r

Fmag 

(3.2)

Vm ( B  ) B

(3.3)

0

3.3 Numerical analysis of two different types of channels
Nipu Modak and his colleagues at Jadavpur University in India created two
different magnetic separators [33]. Their objective was to perform a numerical
analysis in a straight channel and T-channel that would describe the trajectories
of magnetic beads in a pressure driven flow under the influence of a line
magnetic dipole [33]. They considered the cell-bead conjugates as clusters of
monodispersed sphere that have identical magnetic properties [33]. The particle
dimensions (~1 µm) are much less compared to the channel dimensions (a few
hundred microns); which all the particles to be treated as dimensionless points in
the flowfield [33].
When a magnetic microsphere is transported in a fluidic device in the form
of a dilute suspension under an imposed magnetic field gradient, it experiences a
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magnetic force, the drag force by the fluid (since the particle tends to move with a
finite velocity relative to the fluid), gravitational force, and thermal Brownian force
[33]. However due to scale some of the forces on the particle motion became
insignificant [33]. In these calculations Brownian force, gravitational force, and
inertial effects were neglected [33]. The amount of Fm is the magnetic force due
to the presence of a finite gradient of the magnetic field (H) is presented in
equation (3.4). Equation (3.5) takes into account the drag force (Fd) by the
presence of walls of the microchannel [33]. The effect from the walls is
represented by Kwall [33].
4
1
Fm   0 ( a 3 )  eff ( H  H )
3
2

(3.4)

Fd  K wall 6a (V  V p )

(3.5)

Modak and his team took into consideration the hydrodynamic interactions
during particle transport in microchannels that arise due to both the frictional drag
and form drag as the particles move through the background fluid with a finite slip
velocity [33]. Drag force is influenced by the presence of the walls in the channel
//

 and perpendicular K wall

[33]. Accounting for the drag force both parallel K wall

to the wall is given by equations (3.6) and (3.7) with ξ being the ratio of the
particle diameter to its distance from the wall [33].
//
K wall
 [1 

9 1
]
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(3.6)

9

K wall
 [1   ] 1
8

(3.7)

The equation of motion for a particle under the influence of both magnetic
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and drag forces is given in equation (3.8).

Vp V 

Fm
6aK wall

(3.8)

A line dipole of a certain strength is placed at a location, which lies either
underneath the lower wall (for the straight channel) or to the right of the surface
and the line of geometric symmetry (for the T-channel) [33]. The dipole can be
produced in an LOC by embedding pairs of parallel conductors, carrying currents
in opposite directions, next to a microchannel wall [33]. The diagrams of the
channels are shown in figure 3.2 a and 3.2 b.

Figure 3.2: Schematic diagrams of (a) straight channel and (b) t-channel [33]

Modak and his colleagues also consider the particle-fluid momentum
interactions, which means how the particle exerts an equal and opposite drag
force [33]. The equation for a magnetic field at any location (r, Φ) with respect to
the virtual origin of the line dipole is given in equation (3.9) [33].




H  P r 2 (e r sin   e cos  )

(3.9)

The governing equations for the conservation of mass and momentum are given
by equations (3.10) and (3.11).
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   ( V )  0
t

(3.10)


( V )    ( VV )  p       Fd
t

(3.11)

From Modak and his team's calculations they were able to determine
particle trajectories for both the straight and T channels [33]. They recorded the
particle residence times for both straight and T channels to determine the best
time for capture of the particles after being exposed to a target cell [33]. The
residence times are dependent on where the particles are released and the
height of the channel [33]. They were able to determine the capture efficiency for
both the straight and T channels [33].
3.4 Separator with sensors
Z. Jiang and his team at the Cavendish Laboratory at the University of
Cambridge created an integrated microfluidic cell (IMC) comprised of
magnetoresistive (MR) sensors and tapered current lines integrated into the
microfluidic channel [34]. The IMC was able to be detected and sort the
magnetic beads in solution [34]. Jiang’s device had forked channels that were
flanked by independent tapered current lines for particle sorting, and four sensors
were arranged in full Wheatstone bridges [34].
Detection of the field change could be optimized by designing a sensor
that had similar dimensions to the beads being used, minimizing the sensor-bead
distance, and by positioning the bead directly on top of the sensor [34]. Using
mesoscopic anisotropic magnetoresistance (AMR) rings provided a promising
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geometry for single bead sensing as they offer a good match with the magnetic
flux pattern from a magnetic particle [34]. Figure 3.3 below shows how the beads
are sorted in the device created by Jiang.

Figure 3.3: A forked channel device with imbedded striplines. (a) no current is applied to
the striplines (orange areas). Beads are moving down both branches as shown by the
arrows. (b) and (c) current is applied to the left stripline drawing the beads down that
branch. Point A marks the top corner of the left stripline [34].

When testing the IMC, 9 µm diameter ferromagnetic beads were used
[34]. The beads were observed in channels and were manipulated using the
striplines [34]. The team formulated an equation (3.12) combining viscous drag
on the sphere with the Biot-Savart attraction from a wide current-carrying stripline
[34].
V 2 ln[ x ( x  b)]
 dx 
I2
  
2
 dt  crit 40 bx( x  b)(3 a )

(3.12)
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The critical velocity value decreased with distance along the stripline;
however, the Browning drift of the beads must be overcome for them to become
attracted to the stripline [34]. For the beads in this experiment the drift velocity
was approximately 0.3 μm/s. Jiang found the beads should be attracted within a
distance of 215 μm of the stripline when power is 0.2 A [34]. The striplines
chosen provide a relatively uniform field of 0.08 T/m along the center line of the
channel [34].
3.5 Magnetic separator with two magnetic fields
A magnetic separator with two magnetic fields was described by Nikola
Pekas and his colleagues at the Institute for Combinatorial Discovery,
Departments of Chemistry and Chemical Engineering, and Ames Laboratory. In
their experiment a y-channel device was created in PDMS which was then
bonded onto printed-circuit boards [35]. The group used two rare earth magnets
along the x-direction adjacent to a holder with the PDMS device inside [35].
They used superparamagnetic beads that had approximately 0.96 µm nominal
diameter and were dyed fluorescently green. The beads were visualized in an
aqueous solution with a CCD camera epifluorescence microscope [35]. This is
pictured in figure 3.4.
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Figure 3.4: (a) Fluorescent micrograph of the diversion region and the flow-splitting
junction. The suspension of fluorescent beads is pumped down the microchannel in the
positive z-axis direction. (b) The beads are shown to be flowing in reverse [35].

The team modeled the diverter's performance using equation (3.13) which
modeled the magnetic force (Fmag) acting on the superparamagnetic beads in
magnetic field (B) [35]. The beads were in a dilute solution [35].
Fmag 

V

0

( B  ) B

(3.13)

As the current density J within the channel becomes zero, Ampere's law shows
that the curl of B vanishes within the volume defined by the microchannel [35].
Pekas used the identity

to transform equation (3.13)

into (3.14).
Fmag 

V

0

B 2

(3.14)

The particle trajectory in the channel can be determined in the terms of the x-y
plane from an equation of motion involving a viscous-drag force and magnetic
force (3.15):
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m

d
 3 a  Fmag
dt

(3.15)

The equation can be solved for the velocity of the particle (v (t)) dependent on
time to yield equation (3.16):

 (t ) 

Fmag
3 a

(1  exp( 

3 a
t ))
m

(3.16)

The beads were pumped in from a pressurized vial with a pumping
pressure of 0.1-0.3 bar [35]. The volume flow rate and the bead velocities were
held at approximately 6 nL/min and 1 mm/s [35]. A 50-mA current was sourced
through the diverter current lines, and images were collected at the rate of one
frame per second, with an exposure time of 28 ms per frame [35]. The beads,
originally distributed evenly, were directed into the desired channel after the
junction, as dictated by the current polarity [35]. Pekas found the device was
diverting beads into the desired channel at 85% instead of 100% [35]. It was
theorized the result of 85% had to do with channels that were over etched
making the channels wider than anticipated in the design stage of their device
[35].
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Chapter 4
LABORATORY

4.1 Chemicals and reagents
Sylgard 184 silicone elastomer and its platinum curing base were obtained
from Dow Corning Corporation, Midland, MI. SU 8 2050 photoresist and SU 8
developer were obtained from Micro Chem Corporation, Newton, MA. The rare
earth magnets used were rectangular in shape, and were 1”X1/4”X1/8” in
dimension. The wire used was 26 gauge enamel coated solid conductor copper,
which is 0.0159 inches in diameter. The superparamagnetic beads chosen are
Compel 8 µm that have been -COOH modified with Flash Red fluoresce from
Bangs Laboratories, Fishers, IN.
4.2 Device Fabrication
The mask was designed by DWG editor, a 2 dimensional drawing software
package provided by Solidworks (Concord, MA). The mask consisted of 240
micron wide channels. The side (arms) channels and mixing channel are 1 cm
and 4 cm respectively [17]. A plastic transparency was used as mask material,
and the design was printed on a high-resolution printer (65,024 DPI) [17]. Figure
4.1 shows the mask after being printed.
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Figure 4.1: Mask of the Y-channel

A four inch silicon wafer was the selected substrate. The wafer was spin
coated with SU8 2050, an epoxy resin based negative photoresist. The
photoresist has advantageous properties such as high contrast, optical sensitivity
beyond 360 nm, and high viscosity which makes it suitable for applications where
high aspect ratio structures and nearly vertical side walls are desired [17]. The
method for rapid prototyping of microfluidic systems in PDMS using SU-8
photoresist was introduced by Duffy, Schueller, Brittain, and Whitesides [7].
The wafer was placed centrally on a spin chuck and SU-8 photoresist was
dispensed. The desired thickness of the photoresist was 50 microns, and to
achieve the desired thickness, the wafer was spun at 3000 rpm for 60 seconds.
After spinning, the wafer was soft baked on a hot plate to evaporate the solvent
and promote adhesion of the resist to the wafer. Soft baking occurred in two
temperature steps. The first temperature is at 65ºC for 3 minutes followed by an
increase to the second temperature of 95ºC for 15 minutes. The wafer was then
put in a mask aligner to be exposed to 365 nm broadband UV for 80 seconds.
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This allowed for the mask design to transfer onto the wafer. During exposure the
formation of a strong acid occurs and the exposed portions are cross linked [17].
There was a post exposure bake that allowed the acid to further crosslink
with the epoxy [17]. The post exposure bake occurred at two different
temperatures- at 65ºC for 1 minute then temperature was increased to 95ºC for 5
minutes. Afterward the wafer is submerged into the SU-8 developer (1-methoxy2-propanol acetate) solution for 8 minutes during which the unexposed portions
of the SU-8 were removed. The wafer is rinsed with isopropanol, deionized
water, and dried by gently blowing it with a stream of nitrogen. Finally, the wafer
is hard baked at three different temperatures- 65ºC for 1 minute, 95ºC for 3
minutes, and 150ºC for 15 minutes. The master created from soft lithography
can be seen in figure 4.2.

Figure 4.2: Master template from mask [17]
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Figure 4.3: Master template created from the mask [17]`

4.3 Sample preparation and irradiation
Sylgard 184 silicone elastomer base and curing agent were weighted in a
ratio of 10:1 (base to curing agent). Afterward the base and curing agent were
mixed together for approximately 2 minutes in a Petri dish. While stirring the two
components together, tiny bubbles will form throughout the mixture indicating the
curing agent has been evenly dispersed throughout the elastomer. The mixture
was either cured in the Petri dish or poured into a silicon mold. The Petri dish
mixture was left to cure overnight. Cured PDMS samples were cut to fit ychannel piece and removed from the Petri dish.
In figure 4.4 and 4.5 is the mold being prepared for the PDMS. The initial
layer of PDMS is poured over the master in a zigzag pattern, and left overnight to
cure on a flat surface. Figure 4.6 and 4.7 shows the PDMS being poured. After
24 hours the cured PDMS was gently removed from the master. The cured
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PDMS with the y-channels is placed face down on top of a Petri dish cover that
has been adjusted to cover the surface of the PDMS. The PDMS and cover are
wrapped with plastic cling wrap to prevent any of the new PDMS mixture from
leaking onto the initial PDMS covering the y-channels. A copper disk is placed at
the bottom of the mold to provide support for the bundled PDMS to also try to
minimize leakage of second layer of PDMS laid down to cover wires. In figure
4.8 shows the cooper in disk already placed in the mold.
The mold is next lined with foil that has been reinforced with tape to
prevent the foil from tearing and hold wires in place as a second layer of PDMS
is poured over the top of the already cured PDMS. The two wires are shaped to
resemble the letter “u”, and fed through the holes in the foil. Afterward the wires
are passed through holes already in the mold. Next the wires are affixed to the
PDMS with clear tape making sure there are no air bubbles in the tape. The tape
was used to adhere the wires to the PDMS is satin finish wrapping tape. It has a
clear finish so the y-channel can be observed through the microscope. The wire
was placed approximately 0.4 mm above the y-channel junction. Figures 4.9,
4.10, and 4.11 represent how the wires were fed through the foil and the mold.
This was done so the master could be used again without waiting. New PDMS is
made and poured in a zigzag motion over the wires so they will be embedded to
the device.
The base and curing agent are weighed out on a scale in a 10:1 ratio.
This is shown in figure 4.12. The two are mixed together for approximately 2
minutes so the curing agent is evenly distributed throughout the base. The
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mixture is poured in a zigzag pattern onto the cured piece of PDMS with the wire
attached. The mold is left to cure for another 24 hour period. This can be seen
in figure 4.13.

Figure 4.4: Empty mold

Figure 4.5: Mold with foil and master
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Figure 4.6: Combined base and curing agent pour over mold

Figure 4.7: PDMS curing on mold

Figure 4.8: Copper disk in mold
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Figure 4.9: Wires being placed onto Y-channel

Figure 4.10: Wires through reinforced foil

Figure 4.11: Wires being feed through mold
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Figure 4.12: Weigh boat with base and curing agent on scale

Figure 4.13: PDMS cured overnight with wires imbedded in PDMS.

4.3.1 Alternative Method of laying wiring
Instead of putting another layer of PDMS to secure the wires to the bottom
of the y-channel, which can take at least 48 hours to make a device. A different
method was developed that took less time, and was faster to do involved using a
glass slide that had been cleaned with ethanol and deionized water. The glass
slide was utilized to hold down the wire instead of pouring a second layer of
PDMS. This device is shown in figure 4. 14. The PDMS with the y-channel is
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plasma treated to the slide to affix the wire to the device. Another device was
made using the glass slide as a top piece instead of PDMS. All the devices had
the wire placed in the same area above the y-channel junction. Figure 4.15
depicts the glass-PDMS device where the wire was affixed on top of the channel
instead of on the bottom. Figure 4.16 demonstrates the original PDMS-PDMS
device with the wire laid between layers of PDMS.

Figure 4.14: PDMS-PDMS device with wire affixed to glass slide

Figure 4.15: Glass-PDMS device

Figure 4.16: PDMS-PDMS device with wire in between PDMS layers
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4.3.2 Irradiation of channels
Samples were washed with deionized water, followed by ethanol, and
dried by blowing nitrogen across the surface [17]. Before the sample was
irradiated it was put into a solution of 0.4 M hydrochloric acid for between 2-8
minutes to clean the surface [36]. The solution was made by adding one part
hydrochloric acid to five parts distilled water. The sample was irradiated with a
mercury lamp manufactured by USHIO America Inc., Cyprus, California. PDMS
pieces were positioned facing the lamp and covered with a PVC cup. Before UV
exposure, the chamber was purged for 15 minutes with ultra high purity oxygen;
while, nitrogen gas was flowing to the mercury lamp chamber to avoid oxidation
of the bulb. While the mercury lamp was turned on, the y-channel was exposed
to 254 nm Hg radiation at the rate of 13 mW/cm2 with a continuous supply of
oxygen flowing at the rate of 2 L/min. The y-channel was irradiated for 60
minutes. The irradiation equipment is shown in figure 4.17
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Figure 4.17: Irradiation set up

4.4 PDMS device sealing
Another piece of PDMS is cast from the pert dish and contains no ychannel will be the top piece of the device. The PDMS is cut to be approximately
the same size as the y-channel. The top piece has holes bored into which are
used as reservoirs. The piece is put into the same dilute solution of hydrochloric
acid for between 2-7 minutes. Afterward the piece is plasma treated in a Harrick
plasma cleaner for 1 minute under a plasma generated with oxygen enriched air.
Next the top piece is placed over the irradiated y-channel bottom piece, and
sealed together through slight mechanical pressure for approximately 15
minutes. For the second method, described the glass slide and the y-channel
were both plasma treated for 1 minute. The two pieces were sealed together
with slight mechanical pressure for 15 minutes before the y-channel was
irradiated. The y-channel was irradiated after the two pieces were joined
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together. Another piece of PDMS was used as the top for this device. For the
third device created using a glass slide to seal the y-channel as the top piece just
the slide was plasma treated. The two pieces were joined, and the wire was
placed on the outside of the channel. In figure 4.18 (a) the Harrick plasma
cleaner is shown, and (b) is a PDMS device already sealed.

Figure 4.18: (a) Plasma Cleaner

(b) Sealed device

4.5 Bead Preparation
The beads come suspended in an aqueous solution containing a
surfactant. The beads are washed in phosphate buffer solution of at least pH 8,
and had approximately 12 washings to ensure all the surfactant was removed
from them. The beads were then stored in phosphate buffer solution of pH 7,
and refrigerated to maintain binding activity.
4.6 Determination of Electroosmotic Flow
The method of monitoring the current in the y-channel device is modeled
from the work of Zare [37]. The y-channel has three wells that were filled with
phosphate buffer solution (PBS). Figure 4.19 is the schematic diagram of the
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current monitoring. Well 1 in the straight channel contains the
superparamagnetic bead solution. Well 2 contain 94% 11.9 mM phosphate buffer
solution, while well 3 contain 100% 11.9 mM phosphate buffer. All wells in the
device had 100 microliters of solution. As the lower concentration fills the ychannel displacing the higher concentration, there is a gradual increase in the
current. When it fills the channel, the current becomes steady with respect to
time. The current flows from Well 1 to Well 2, while Well 3 is left to float. Next
the current flows from Well 1 to Well 3 with well 2 left floating.

Figure 4.19: Y-channel diagram with copper wire attached 0.4 mm above the y junction.
The positive current moves down the wire near Well 3, while negative current moves near
Well 2.

The runs were performed between 150 volts and 500 volts. The
microfluidic tool kit was developed by Micralyne, Canada was connected to the
circuit while real time data was collected using Labview. The chip is mounted on
a slide, and put under a confocal microscope under 10x magnification. The
microscope is from Olympus model BXFM-ILHS. The y-channel was imaged
using the Raman set up in the lab. This set up is shown in figure 4.20, 4.21, and
4.23 . Figure 4.22 is a schematic illustration of the set up. In Figure 4.24
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displays how the rare earth magnets were placed near the device.

Figure 4.20: Raman setup with Microfluidic Tool Kit-Current Monitoring
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Figure 4.21: Set up of device while flow is being monitored
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Figure 4.22: Schematic drawing of device set up

Figure 4.23: Device under confocal microscope
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Figure 4.24: Rare earth magnets on either side of device
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Chapter 5
RESULTS AND DISCUSSION

5.1 Detection of the superparamagnetic beads
The PDMS-PDMS device is imaged under the microscope before the
current is connected to the device. Images are taken after the current had been
started with the rare earth magnets in place by the chip, and the wire connected
to a battery. While imaging the chip through the microscope after current is
turned on it became difficult to distinguish the superparamagnetic beads from
other particles in the channel. In figure 5.1 the bead solution is imaged, and
Raman spectroscopy is performed before the experiment has begun. Afterward
the bead solution is injected with a pipette into well 1.

Figure 5.1: Superparamagnetic beads in buffer solution.

The mixing channel was examined before the experiment was performed
to determine if the beads would move from well 1 into the channel without any
current applied to well 2 or 3. The y-channel was analyzed before and after the
46

experiment. This image is shown in figure 5.2.

Figure 5.2: Y-channel of chip at 10x magnification before the experiment.

This could be due to a distortion between the top piece of PDMS and the
10x objective on the microscope. The PDMS although optically transparent can
still have some distortions to it. The imaging could be done with 20x objective
and Raman labeled superparamagnetic beads.
After detecting the superparamagnetic beads were moving from well 1, but
unable to find the beads in wells 2 and 3. It was theorized the beads were
attaching to the top piece of PDMS. The top piece had been plasma treated to
seal the device, and retains a positive charge. The superparamagnetic beads
are negatively charged, and were attracted to the positive charge of the top
piece. A second device was created from a glass slide and PDMS with the wire
attached to the top of the PDMS.
Changing the construction of the device from PDMS-PDMS to glassPDMS; the beads were detectable, because imaging only had to be
accomplished through one layer. The mixing channel, side arms, and wells were
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clear with the glass-PDMS device. In figure 5.3 and figure 5.4 the beads can be
seen in well 1 while in the device. Bead movement was better observed in the
glass-PDMS device. While the glass-PDMS device allows for better detection of
the bead movement by seeing better into the channel, it has draw backs.

Figure 5.3: Well 1 of the glass-PDMS device.

Figure 5.4: Inside Well 1 of glass-PDMS device. The arrows show beads.

The beads can attached themselves to the glass slide. This is believed to
be due in part to the properties of the glass, which can absorb polar molecules.
The device was rinsed several times with ethanol and deionized water; then dried
using an air gun to remove any remaining liquid in the device. A few beads can
still be seen in the mixing channel of the device depicted in figure 5.5.
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Figure 5.5: The beads left in the mixing channel after device was rinsed and dried. The
arrows mark the beads in the channel.

In the glass-PDMS, the beads can be seen traveling through the channel
and going into either well 2 or 3. After the experiment has concluded the beads
can be found in the arms leading to wells 2 and 3, but not in the wells
themselves. This can observed in figures 5.6 and 5.7. The wells 2 and 3 can be
seen in figures 5.8 and 5.9. The surface properties of the glass and the pH of the
PBS cause the channel to become cationic selective [38]. The negatively
charged beads are barred from entering the wells 2 and 3. The wire and the
electrode are shown in figures 5.10, 5.11, 5.12 and 5.3 after the experiment was
performed.

Figure 5.6: Beads traveling down arm 2 toward well 2. The arrows mark the beads in the
arm.
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Figure 5.7: Beads moving in arm 3 to well 3. Arrow marks the bead in the arm.

Figure 5.8: Well 2 at the end of the experiment.

Figure 5.9: Well 3 at the end of the experiment.

50

Figure 5.10: The wire before the experiment was performed.

Figure 5.11: The copper wire after the experiment was performed.

Figure 5.12: The top half of the platinum electrode after the experiment.
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Figure 5.13: The platinum electrode after the experiment.

The beads can be seen to move from the mixing channel down to the ychannel to arm 3 from figures 5.14 through 5.17. The beads did not clearly
choose one channel over another with the external magnetic field being
produced by the rare earth magnets. This is due to the channel width being
much larger than the beads. The channel width is 240 microns, which to the
beads at 8 micrometers is a large wide open space. The bead is moving through
the channel at 8.98 x 10-5 m/s. The average distance the bead traveled is of 539
micrometers, in a time of 6 seconds. The distance measurements were
determined with a calibrated microscope slide and shown in figure 5.15. This
indicates that the total magnetic field did not influence the beads to actively
select one channel over another.
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Figure 5.14: The y-channel at the start of the experiment.

Figure 5.15: Bead starting to move across y-channel. The arrow marks the bead in the
channel. The scale shows distance selected from channel measurement.

Figure 5.16: Bead heading to toward arm 2. Arrow points to the bead.
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Figure 5.17: Bead moving into arm 2. Arrow points to bead in motion.

5.2 Magnetic field
The rare earth magnets were positioned on either side of the device while
the experiment was being performed. The magnets are rated N42, which means
the magnetic field being generated is 1.3 T. The magnets have an influence over
the channel; however; without a Gauss meter it is not known how much. The
enamel coated copper has 0.4 mm diameter and about 0.61 m in length.
The current (I) is calculated using the voltage (V) flowing down the wire,
and the resistance of the wire (R) [39]. The current running through the wire
during the experiment is calculated to be approximately 45 A. The value is
determined using equation (5.1) [39]. The magnetic field (B) is calculated from
equation (5.2) [39]. The magnetic field of the wire influencing the channel is 5.7 x
10-3 mT. The a value from equation (5.2) was a measurement taken from the
PDMS with the channel. The total magnetic field created by both the magnets
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and the wire are unknown, because the field generated by the magnets is
unknown. The total magnetic field’s influence on the beads allows them to flow
down either channel. Without this field the beads would only flow down the arm
that had current running through it. For example if current was going from well 1
to well 3, the beads would only flow into arm 3 down to well 3.
I

V
R

B

(5.1)

0 I
2a

(5.2)

5.3 Raman Spectra
After running the experiment, a Raman spectra was collected from each
well to determine the absence or presence of the superparamagnetic beads. The
superparamagnetic beads were labeled with fluorescent marker that is detectable
by a broad fluorescence at 600 nm. The bead solution originally put into well 1 is
taken out, and placed on a special lens for the spectra to be taken. If the bead
solution is placed on the slide alone only the spectra for the glass slide is taken.
The solution from wells 2 and 3 are placed on the lens after the lens has been
cleaned with ethanol.
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Figure 5.18: Raman spectra of all the solutions from the experiment. Black line is the bead
solution before it is put into device. Red line is the PBS 94 % after being in the device
without current to see if there was any bead movement. Green line is PBS 94% before
being put into the device at Well 2. Dark blue line is PBS 100% after being in the device
without current to see there was any bead movement. Light blue line is PBS 100% before
being put into the device at Well 3. The purple line is Well 1 after the experiment. Orange
line is Well 2 after the experiment. Olive line is Well 3 after the experiment.
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Figure 5.19: Raman spectra at different locations in the glass-PDMS device. The black line
is the bead solution before the experiment in Well 1. The red line is Arm 2 after the
experiment showing the presence of a bead. Green line is Arm 3 after the experiment
showing the presence of a bead. Dark blue is Well 3 after the experiment showing no bead
enters the well. Light blue line is Well 2 after the experiment showing no bead enters the
well. Purple line is Well 1 after the experiment showing not all beads have move down the
device.

In figure 5.18 is the Raman spectrum of all the solutions after the
experiment was performed. The black and purple lines are the
superparamagnetic beads in solution before and after the experiment peak
between 1100 and 1500. Those two lines are the presence of beads in the
solution of well 1. All other lines are the PBS 94% solution and the PBS 100%.
Figure 5.19 shows the spectra at the end of the experiment The bead solution,
arm 2, arm 3, and well 1 all have beads present this shown by the peaks
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between 1100 and 1500. In wells 2 and 3 no beads are detected by the spectra.
The bead solution before the experiment (black line), bead solution after the
experiment (purple line) from Well 1, dry bead (blue line), beads in arm 2 (red
line), and beads in arm 3 (green line) spectra are shown in figure 5.20.
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Figure 5.20: All bead spectrums from different locations within the device. The black line
is the bead solution at the beginning of the experiment. Red line shows the presence of
beads in Arm 2. Green line shows the presence of beads in Arm 3. Purple line is beads in
Well 1 at the end of the experiment. Light blue line is a dry bead taken as reference.

5.4 Electroosmotic Flow
The electric current in the channel is dependent on the concentration of
ions present in solution, conductivity, and applied field strength [17]. As the lower
concentration solution fills the channel replacing the higher one, there will be a
current change. The current should reach steady state after the lower solution
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completely fills the channel. The electroosmotic flow is determined from using
the slope of the current-time relationship developed by Sze etc al [19] and the
Smoluchowski approximation (2.1).
The 100% PBS buffer solution has a conductivity of about 897 μS is used
to fill the channels. The 94% PBS solution has a conductivity of 490 μS. The
time allowed to fill the channels was extended to about 25 minutes per step;
however, the channels still did not fill completely as seen in the flow data in figure
5.24. In order to extend the time more the amount of solution within the well
needs to increase in order to prevent electrolysis from happening [5]. The
electroosmotic flow has been calculated to be 3.13x10-7 cm2/V s for the glassPDMS device.

Figure 5.21: Raw Current-time profile (500 V) for 2 hours 30 minutes.
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Chapter 6
CONCLUSION

6.1 Summary
The purpose of the research was to construct a working lab-on-a-chip
device in a y-channel design that consisted of two magnetic fields, one localized
below the channel and one external to the device through two rare earth
magnets. The external field provides a method to attract the superparamagnetic
beads; while, the localized field influences an attractive and repulsive force in the
channel. The localized magnetic field generated by the wire is 5.7 x 10 -3 mT.
The external magnetic field's influence on the y-channel remains an unknown.
The device was designed utilizing soft photolithography techniques. The
device is generated out of polydimethylsiloxane (PDMS). PDMS is a polymer
consisting of repeating -Si (CH3)2O- units that can be easily modified to generate
electroosmotic flow. The PDMS was modified using UV radiation from a mercury
bulb.
The electroosmotic flow is characterized with a uniform velocity profile that
propels the superparamagnetic beads down the channel. The flow was
measured for a time period of two and half hours. One hundred microliters of the
bead solution was initially injected into Well 1. Well 2 has a 94% phosphate
buffer solution (PBS), and Well 3 has a 100% PBS. The electroosmotic flow in
the channel is 3.13x10-7 cm2/V s.
60

The device was put under a confocal microscope at 10x to observe the
channel as current is applied to the wells to generate the electroosmotic flow.
The superparamagnetic beads moved down the channel, and into one arm
leading to either well 2 or 3. The beads are sorted into a well. In order to
determine if the particle is an actual bead or debris a Raman spectra was taken.
The spectra was able to determine the difference due to the beads being
fluorescently labeled with Flash red, which will show up in a particular
wavelength.
6.2 Future Work
Based on experimental data and observations the y-channel device is able
to sort the beads using two cooperative magnetic fields. The design for the chip
proved a versatile allowing for repeatable results. However, the channels of the
device would be more selective in sorting the beads using narrower channels.
The channel width could be reduced to between 15-20 µm to enhance their
effectiveness. The mask for the y-channel would require a redesign to create a
new device for testing the channel. A new master template should be generated
to incorporate the newly designed channels.
While PDMS is an ideal polymer for rapid fabrication, a change to
polymethylacrylate (PMMA) would create a device that will maintain a negative
charge within the channel. PDMS can be modified so the surface groups of the
channel are charged allowing for electroosmotic flow to be induced. However
these modifications are not permanent and revert back to their native, neutral
state. The surface of PMMA can be modified to have a charged, semi-permanent
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state. The y-channel would be sealed with another piece of PMMA on top
instead of glass. While the glass allows a negative charge on top of the channel,
it does have some drawbacks. Due to the cationic selectivity created by the
glass and PBS the beads were not drawn to the positive charge being generate
in the wells; however, switching the top piece to PMMA should eliminate this
problem. The PBS at pH 7 could be lowered to a more acidic pH allowing for the
cationic selectivity to be resolved.
The dimension of the wells should be increased so that the volume is
much greater than 100 microliters. The increased size would allow for the time to
be extended for each step helping the channel to fill with one solution completely.
The extra volume of solution helps the electrodes to stabilize the current in the
channel, and create better electroosmotic flow. The wire should be placed
another 0.2 mm higher than the y-channel to have a better influence over the
superparamagnetic beads. By placing the wire further upstream from the y
junction of the channel creates a larger sorting area so the beads have more time
to be influenced by the total magnetic field being generated. The rare earth
magnetic field should be measured by a Gauss meter to optimize its influence
over the beads flowing in the channel.
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APPENDIX A

RAMAN SPECTRA
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Figure F.1: Reference spectra contains dry bead spectra in black, silicon wafer in
red, laser optic in green, and PDMS in blue.
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(a) Bead solution
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(b) Spectra of bead solution
Figure F.2: (a) and (b) Bead solution in well 1 before experiment
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(b) Spectra of PBS 100%
Figure F.3: (a) and (b) PBS 100% before being put into well 3
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(b): Spectra of PBS 100%
Figure F.4: (a) and (b) PBS 100% after being loaded into well 3
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(b): Spectra of PBS 94%
Figure F.5:(a) and (b) PBS 94% before being loaded into well 2
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(b): Spectra of PBS 94%
Figure F.6: (a) and (b) PBS 94% after being loaded into well 2
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(b): Spectra Well 1
Figure F.7: (a) and (b) Well 1 bead solution after the experiment
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(b): Spectra Well 2
Figure F.8: (a) and (b) Well 2 solution after the experiment
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(b): Spectra Well 3
Figure F.9: (a) and (b) Well 3 solution after the experiment
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(b): Spectra Arm 2
Figure F.10: (a) and (b) Arm 2 after the experiment
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(b): Spectra
Figure F.11: (a) and (b) Arm 3 after the experiment.
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APPENDIX B

CALCULATIONS FOR ELECTROOSMOTIC FLOW
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Slope
Length
Depth
Applied Voltage
Conductivity 0.75x
Conductivity 1x
Electric Field Strength
Conductivity Difference
Channel Width
Cross Sectional Area
Electroosmotic Flow

Near
1.94E-09
0.05
0.00002
500
0.00083
0.001726
10000
0.000896
0.00024
4.8E-009
2.26E-007

Far
3.45E-09
0.05
0.00002
500
0.00083
0.001726
10000
0.000896
0.00024
4.8E-009
4.010882E-007

Near
Far
2.255394E-007 4.010882E-007

Dielectric Constant of Buffer
Permitivity of Vacuum
Viscosity of Solution

8.00E+01
8.85E-12
0.001

Zeta Potential

0.32
80

0.57

Total
3.133138E-007

APPENDIX C

CALCULATIONS FOR THE WIRE
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a  
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7 2
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